Digital thermal imaging has been employed in medicine for over 50 years. However, its use has been focused on vascular, musculoskeletal and neurological conditions, while other potential applications, such as obstetrics, have been much less explored.
a b s t r a c t
Digital thermal imaging has been employed in medicine for over 50 years. However, its use has been focused on vascular, musculoskeletal and neurological conditions, while other potential applications, such as obstetrics, have been much less explored.
This paper presents a study conducted during 2011 at the Hospital of Braga on a group of healthy pregnant women in the last third of gestation. The analysis focused on characterizing typical pregnant women steady temperature profiles in specific defined regions of interest (ROI), and determining if the thermal symmetry values for late pregnant healthy women are in line with the values for non-pregnant healthy women.
A temperature distribution pattern was found in the defined ROI. The obtained thermal symmetry value had a maximum of 0.370.2 1C, and there was no evidence for the influence of age (p40.05) in the observed group. The influence of the BMI requires further investigation since one ROI (P2 right) presented a p¼ 0.059, close to the threshold of statistical evidence in the influence of BMI. The study group presented symmetry values in line with non-pregnant reference values, but the profiles in temperature distribution are different. Assumptions can therefore now be used with higher confidence when assessing abnormalities in specific pathologic states during pregnancy using the defined ROI. This work represents a first contribution towards establishing guidelines for future research in this specific field of study.
& 2012 Elsevier Ltd. All rights reserved.
Introduction
Medical digital thermal imaging (DTI) is a passive, noninvasive, non-ionizing, complimentary diagnostic and real time monitoring technique that enables visualizing and quantifying changes in skin surface temperature (Gershon-Cohen et al., 1965; Ring and Ammer, 2000; Ring, 1990) . It has the capability to show in real time physiological changes with high sensitivity to certain pathologies in the vascular, neural and musculoskeletal systems (Ring and Ammer, 2000; Jones, 1998) . The appearance of equipment designed specifically for clinical application, at reasonable cost, the use of standard image capture procedures and computer software for standardized analysis, have facilitated the use of the technique and improved its performance (Jones, 1998) .
Labor muscular work and temperature changes in abdomen and cervix have been successfully quantified and monitored by infrared thermography (Yang and Yang, 2001) . The technic has also been applied, to a much small degree, to the study of reproductive disorders (Birnbaum and Kliot, 1964) , such as polycystic ovaries, endometriosis, or uterine fibroids.
Subjects presenting a higher Body Mass Index (BMI) have a small metabolic rate and a slow thermoregulation (Houdas and Ring, 1982) . Studies on the effect of BMI in core temperature have shown that core temperature varies inversely to BMI index value (Adam, 1989) , and that age only had influence after 60 years old (Varela et al., 2003) . Savastano demonstrated with medical DTI that normal subjects with high BMI presented lower core to skin temperature differences in abdominal regions, but dissipated more heath from the hands (Savastano et al., 2009) . The effect of BMI in the temperature distribution is still not clear, and there is a total absence of data for that effect on healthy pregnant females.
The human body usually exhibits a high degree of symmetrical temperature distribution, and the dermal pattern in a healthy individual is fairly consistent and reproducible (Uematsu et al., 1988; Niu et al., 2001) . Medical DTI can register these patterns to a sensitivity of circa 0.1-0.01 1C, and deviations from the pattern of symmetry can be identified (Carmeliet and Jain, 2000; Lawson, 1956; Arora et al., 2008) . Thermal symmetry of the human body has been defined and the maximum value accepted with current technology and using a standard procedure is 0.5 70.3 1C for two bilateral Regions of Interest (ROI) to be considered symmetrical on healthy people (Vardasca et al., 2012) . It has never been reported for pregnant women. Moreover, pregnancy is characterized by important physiological cardiovascular and circulatory changes, which increase the interest of DTI in this stage of woman life; for example, metabolic changes during pregnancy lead to increased blood flow and involve angiogenesis, resulting in higher skin temperature due to heat generation (Adams et al., 1980) . During pregnancy, the woman's body is changing very rapidly. Some changes might be symptomatic but pass unnoticed, and could be identified using medical DTI. An example is abnormal muscle strain or nerve entrapment, normally diagnosed using physical examination, electromyography, X-ray, and blood tests, all more complex than thermography (Borg-Stein et al., 2005; Noonan and Garrett, 1999) . Contractions, namely Braxton-Hicks contraction, cause abdominal temperature rise (Yang and Yang, 2001) , monitored through Laser Doppler or Ultrasonography, slower techniques than medical DTI (Kofinas et al., 1993) .
Some of the most common pathologies of pregnancy include hypertensive disease, diagnosed through blood pressure, Laser Doppler and Ultrasonography (Barra et al., 2012) , and gestational diabetes, diagnosed with glucose tests (Wei and Yang, 2012; Gauster et al., 2012) . Other complications include venous insufficiency, diagnosed using Laser Doppler or Ultrasonography, lumbar lordosis, identified using X-ray, and cramps, seen in Electromyography (Kaaja, 2009; Kelly et al., 2009) . Maternal fever can result in intra-uterine hyperthermia and/or inflammation effects on the fetal brain, which may result on premature labor or ultimate fetal death (Laburn et al., 2003) . These complications relate to or influence blood flow, affecting the skin temperature and are object of being noticed with medical DTI in a fast, safe and inexpensive manner.
The aim of this research was to apply medical DTI in obstetrics, namely to evaluate the skin temperature profile of several ROI in healthy pregnant women and compare them to non-pregnant healthy females, establishing reference values which are missing for healthy pregnant women. This work focused on the last trimester, which exhibits the most significant changes. Based on the reference literature, a significant difference in thermal symmetry of the ROI is not expected, although the temperature is expected to be overall higher in healthy pregnant women.
Materials and methods
The study was submitted and subsequently approved by the ethical committee of the Hospital de Braga. The study group included 41 pregnant women in the late gestation period (between 34 and 40 weeks). All volunteers consented to having their vital signals and thermal body image collected. They were recruited at the time of their regular obstetrics appointment at the Department of Obstetrics. All subjects were clinically considered healthy individuals and undergoing a healthy pregnancy. Informed consent forms have been collected from all subjects. The study group had a gestation time of 36.6571.35 weeks, age of 30.6774.2 years old, and a value of 29.873.9 kg/m 2 for the BMI.
For studying the impact of age and BMI, the volunteers were divided in groups:
Age; 18-29 years old (18 subjects) and 30-39 (23 subjects). BMI; normal weight (18.5-24.9, 2 subjects), overweight (25-29.9, 21 subjects), obese type 1 (30-34.9, 14 subjects) and obese type 2 (Z35, 4 subjects).
The FLIR s SC640 (thermal) infrared camera with a resolution of 640 Â 480 pixels, a measurement accuracy (bias, offset) of 72 1C and a precision of 70.1 1C was used to capture the thermal images. For all tests, the camera was placed on a rigid tripod for helping angles stability and camera positioning, and turned on at least for 30 min (to achieve electronics equilibrium and assure stable measurements), before any measurements were taken. The emissivity was set up for the skin value of 0.98. All thermal profiles were registered as single images. The quality assurance methods to ensure traceability of the temperature measurements were the usage of a blackbody LAND s P 80P as temperature reference traceable to the internationally-accepted temperature scale of ITS-90, with the internal temperature set to 30 1C, an image was taken from it before a subject investigation and other immediately after, both images were compared and if there was a difference superior to 0.1 1C in the mean temperature of the reference ROI (a circle around the center with 5 cm diameter), the whole set of images was not considered for this study. Two statistical tests were used to assure data consistency (Cronbach's alpha coefficient) and repeatability (Inter-Class Correlation Coefficient with 95% i.c. interval) in the ROI measurements. In order to run those tests the captured images were analyzed and similar ROIs in that analysis by two experienced researchers in the same set of images that was used as input for the previously outlined statistical tests. The considered set to the results was the set that presented the best thermal symmetry values.
Tests took place between July and December of 2011, at the Hospital of Braga, Portugal. The sampling room had air conditioning, and was permanently kept at 20 1C and relative humidity at a value below 50%. Thermal images were recorded with the subjects standing in front of a white wall. The camera remained stationary, and the subject was requested to turn 901 for each subsequent image. In this way, profile images were collected for each perspective quadrant (anterior, left, posterior, and right). Left and right views were collected so that any significant asymmetries in the anterior view could be confirmed in the lateral views; also, as this work included a prospective component, those views were initially collected but the respective data is not in the scope of this publication. This procedure was then repeated with the subjects crossing their palms behind their head, to prevent the upper limbs from obstructing the collected lateral views.
All the subjects on this study had refrained from having a heavy meal, smoke, drinking or use any drug before at least two hours before the appointments. None of them used oil or any ointments, practiced sports, or had physiotherapy in the day of examination. For acclimatization, subjects were in the room for at least 15 min before measurements. They were requested to strip from the waist up and remove any jewelry that could interfere with the experiments.
All collected data was analyzed with the software package provided with the thermal camera, ThermaCAM Researcher Professional 2.8 SR-2. For the anterior profiles, 6 ROI were defined (Fig. 1) , with A1-left and A1-right concerning the breasts, the A2-left and A2-right concerning the upper abdomen, and finally the A3-left and A3-right concerning the lower abdomen. In the posterior profiles, 4 ROI were defined, namely P1-left and P1-right concerning the upper back region, and also P2-left and P2-right concerning the lumbar region. The A1 ROI were centered as much as possible on the nipple, and kept within the limit of the breast; the A2 ROI begin above the umbilical region and extend vertically to the end of the upper abdomen; the A3 ROI attempt to capture the shape of the rest of the belly, which in late pregnancy subjects, is relatively easy to trace. The region immediately around the umbilicus was excluded from the anterior ROI.
For each subject, the shape and size of the measurement regions varied, but was kept very close to those presented in Fig. 1 . The size of the left and right measurement areas for each ROI was kept as similar as possible. The minimum pixel count (size of the measurement region) used for each ROI in any subject was: 3000 (A1), 6000 (A2), 10000 (A3), 8000 (P1), and 8000 (P2). The methods used to verify the statistical significance of the relation between age groups and BMI classes with the obtained measurements data per ROI are the non-parametric w 2 and Kruskal-Wallis tests.
Results
Concerning the posterior view, the majority of the subjects exhibited a temperature profile with similar features to the normal profile of non-pregnant women. The average mean temperature and standard deviation for each ROI for all subjects is presented in Fig. 2 .
From Fig. 2 it can be observed that the highest average mean temperature in the anterior view is at the A1 ROI and in the posterior view at the P1 ROI. The lowest average mean temperature in the anterior view is at the A3 ROI. The ROI that presented the highest variation in temperature distribution was P2. The similarity between the left and right areas for each ROI is also quite evident from these results; the issue of thermal symmetry is further addressed in a later section.
Thermal gradients have been calculated between the different ROI in the same side and per view. It was found that for both sides the values do not differ much. From ROI A1 to A2 the average gradient value is 2.5 1C, from A1 to A3 is 3.5 1C, from A2 to A3 is 1 1C and on the posterior view from P1 to P2 is 1.51 C.
In Fig. 3 are presented the values of the two defined age groups for all ROI defined in this research study; it can be observed that both groups present a similar mean temperature values for the ROI.
The distribution of average measured temperature values per the considered BMI classes is shown in Fig. 4 , where it can be seen that the average mean temperature is affected by the BMI in most ROI, which would be expected due to the effect of fat mass on the human body thermoregulation.
In order to verify the statistical evidence for independence between the defined age groups and also BMI classes in measurements of the delineated ROI, the non-parametric w 2 and KruskalWallis tests were run. Concerning age groups, the obtained p values were well above the 0.05 significant independence threshold on both tests, meaning there is no statistics to support the hypothesis of discriminating in the sample studied with single measurements subject belonging to the different age groups. Concerning BMI, although none of the ROI had a p value of less than 0.05, the ROI P2 right was closer to that threshold value (p ¼0.059) in the w 2 test, which may indicate that, among defined ROI, the lower back region might be the only one to exhibit discrimination between different BMI classes.
The internal data measured consistency and the repeatability in the usage of the ROI were assessed statistically and both analyses were performed in the SPSS statistical software package. Results for the coefficients are shown in Table 1 , and are very high (40.93), so it can be concluded that the ROI are repeatable and the data measured has statistical evidence of being internally consistent.
In the tested subjects, profiles very different from the normal for non-pregnant women have been observed. In addition, the majority of subjects has common features in their profile, but some exhibited visually atypical profiles (see Fig. 5 ). The most common posterior profile is that of Fig. 5a , possessing several of the characteristics from the normal for nonpregnant women, with the exception of having a higher than expected temperature around the cervical/ higher thoracic region, that may be caused by the posture changes due to the weight of the fetus. Some subjects exhibit a visually asymmetric thoracic profile such as that shown in Fig. 5b . Others have a posterior profile that seems to be divided almost into horizontal bands, with a decreasing temperature gradient from cervical to the sacral regions, as shown in Fig. 5c . Finally, some subjects' profiles are not very different from that in Fig. 5a , but with the higher temperature extending considerably in the dorsal region; this is shown in Fig. 5d .
Of the 41 tested subjects, 28 exhibited a profile similar to Fig. 5a , 4 similar to Fig. 5b , 5 similar to Fig. 5c , and 4 similar to Fig. 5d . It is important to notice that some of these apparently asymmetric profiles do not actually correspond to quantitatively significant asymmetries; thus the need to evaluate these figures through measurements, and not only from a subjective visual interpretation.
Concerning the anterior view, there are even more significant differences to the normal profile of non-pregnant women, as one could expect in a late gestation period. The vascularization of the breasts is quite obvious in the thermal profiles (see Fig. 5 ). The profile shown in Fig. 5e is quite similar for all tested subjects; one can only distinguish those with most of the chest at approximately the upper abdominal temperature and those where the entire chest region is considerably hotter than the latter. Obviously, the precise breast vascular network varies considerably from subject to subject. In the abdominal region, most subjects exhibit the profile of Fig. 5e , but several have visually asymmetric abdominal regions, such as that in Fig. 5f . For all subjects, one clearly notices the significant temperature differences between the chest, breasts and the abdomen.
The values of thermal symmetry were calculated performing an absolute difference between the left and right ROI across the longitudinal human body main axis. The obtained results are presented in Table 2 . The maximum value obtained was of 0.2670.08 1C for the A3 ROI and the minimal was of 0.1770.11 1C. From these results, the analyzed sample can be considered very symmetrical in thermal symmetry values.
The contralateral difference, calculated as numeric differences (not absolute values), are also represented in Table 2 . For ROI A1, A3, and P2, the average thermal differential is near null when the entire sample is considered. However, for the studied subject group, the A2-left ROI was consistently slightly hotter on average than the A2-right. Conversely, the P1-right ROI was consistently slightly hotter than the P1-left. Further investigation is needed to evaluate the causes. Fig. 6 shows a map for the entire study group's ROI temperature differences (left-right). From this, it can be observed that the regions where values exceeded thermal symmetry thresholds were in 6 cases in the P1, 4 cases in A3, 3 cases in A2 and 1 case in both A1 and P2 ROI.
Observing the obtained thermal symmetry between age groups, it can be observed in Fig. 7 that for anterior ROI this value is slightly higher for the age group of 30-39 years old.
The thermal symmetry distribution per ROI according to the BMI classes is shown in Fig. 8 , where there seems to be a strong influence of the BMI on the P1 ROI.
The assessment of statistical evidence of independence between age groups and also between BMI classes, when looking at thermal symmetry values, was performed using the non-parametric Chi-Square (C-S) and Kruskal-Wallis (K-W) tests. For the age groups, all p values were well above 0.05 in both statistical methods, not showing any statistical reference to relationships between different age groups and the measured value. Concerning the BMI, there is only statistical evidence of discrimination between groups in the P1 ROI in both statistical indicators (respectively with p values of 0.026 for C-S and 0.001 for K-W), which might derive from the effect of fetus weight and pressure on the cervical region of the subjects.
Discussion
From the obtained results it can be concluded that there is a clear pattern in the temperature distribution in the defined ROI in anterior and posterior views for healthy pregnant subjects. An approximate difference from A1 to A2 of 2.5 1C, A1 to A3 of 3.5 1C, A2 to A3 of 1 1C and P1 to P2 of 1.5 1C, can be used as a reference in further studies.
In a simplified way, the normal profile for non-pregnant women (Uematsu et al., 1988 , Niu et al., 2001 consists of higher temperature in the cervical region, medium temperature along the entire spine, and again higher temperature at the lower lumbar medial region, with a considerably lower temperature at the lateral lumbar regions (lower and upper).
For the study group of healthy pregnant women, the obtained values of thermal symmetry were of 0. non-pregnant subjects. In the A2 and A3 ROI, the values were 0.2570.1 1C and 0.370.1 1C respectively, which are in conformity with the referenced of 0.270.2 1C for non-pregnant healthy subjects (Uematsu et al., 1988 (Uematsu et al., 1988) of healthy non-pregnant subjects. The improvement in the obtained results for thermal symmetry could be explained by the improvement in the used capture equipment, which offered better features than the equipment used between 10 and 20 years ago. Those past examinations occurred in similar environmental conditions (ambient mean temperature, humidity and absence of air flow), and using an identical protocol for subject, examination room and equipment preparation. There was no evidence, in this study group, of a correlation between age and thermal symmetry values (p 40.05). This can be explained by the fact that aging issues in temperature distribution and regulation are more evident after 60 years of age, and all subjects were healthy pregnant women aged between 25 and 38 years old. The fact that no significant differences were found matches what is known from the literature for non-pregnant females (Varela et al., 2003) .
In the observed sample, even with a considerable amount of overweight subjects, only in the ROI P1 was an effect found from the BMI on the thermal symmetry (po0.05). This might be due to fetal weight and position, and not directly related with the BMI. All other ROIs presented no statistical evidence of influence (p40.05) of this parameter. To clarify this issue and provide a better understanding of the effect of BMI on the temperature distribution in pregnant women, a more detailed study will be required. In addition to a wider study group, the observation of the temperature of the hands and a dynamic challenge may be considered.
Concluding remarks
The typical pregnant women temperature profiles in specific regions of interest (ROI) have been established in this work, through the use of digital thermal imaging. Unfortunately, there is still an absence of an updated software package to aid the record and analysis of medical thermograms in a standardized manner using the most recent thermal image processing techniques. Thus, extracting the values for the different ROI and performing a comparative analysis was done manually. This fact is important because the current software is generic or mainly developed for industrial applications that may not need the same aspects in the image analysis. Having a medical oriented application would facilitate the standardization of the modality, reducing errors, improving results and enforcing its usage by clinicians.
Thermal symmetry in healthy pregnant subjects between corresponding left and right sides of body was found in this work to have a maximum value of 0.3 70.2 1C, which can be used by the majority of clinical practitioners. Having confirmed and improved previous measurements, this benchmark of normal symmetry variance could be of significant value in the assessment of disorders that manifest themselves by unilaterally affecting thermal patterns on the human skin in pregnant women.
Future work will consider the use of dynamic infrared thermography to underline the sympathetic activity response pattern. The thermographic skin response to cold stimulus and the usage of blood flow modulation is characterized by thermal profiles, which reflect the dynamic balance between heat production and heat loss (Janský et al., 2003) . This balance is very important and can provide useful information on thermal physiological aspects of pregnancy. Ongoing work is focused on monitoring pregnancies with associated pathologies in order to establish the influence on the thermal pattern and thus assess the usefulness of the technique in the clinical setting.
